The binding of magnesium ions and of the competitive inhibitor 3-phospho-D-glyceric acid to yeast enolase (2-phospho-D-glycerate hydrolyase, EC 4.2.1.11) has been studied calorimetrically. Thermal titration of the apoprotein with magnesium ions provides evidence that two magnesium ions bindc immeasurably tightly to the dimeric enzyme, either anticooperatively to interacting sites or to two independent, nonidentical sites. Measurements of the saturation heat in buffers with different enthalpies of protonation are consistent with the release of two protons when the metal-binding sites are filled at pH 7.5. The enthalpy of binding of the two magnesium ions, corrected for the release of two protons, is +11.7 kcal (+49.0 kJ) per mole of dimeric protein.
Enolase (2-phospho-D-glycerate hydrolyase, EC 4.2.1.11) catalyzes the dehydration of 2-phospho-D-glycerate to phosphoenolpyruvate in glycolysis. Divalent metal ions are required for activity, and their function has been extensively investigated. In a recent review of the literature, Wold (1) concluded that enolase is a metal-activated metalloenzyme, in which metal ions play both structural and catalytic roles.
The evidence that metal ions play a structural role in enolase catalysis comes primarily from difference spectrophotometric and spectrofluorometric measurements and from sedimentation equilibrium experiments. Yeast enolase dissociates into two, apparently identical subunits (2, 3) . The binding of divalent metal ions has two important structural consequences. First, it reduces the dimer dissociation constant by as much as two orders of magnitude (2) . Second, it causes ultraviolet absorption and fluorescence emission changes in the dimer that have been interpreted as a change to a catalytically active conformation of the enzyme (4, 5) .
Nuclear magnetic resonance experiments provide the principal evidence for direct involvement of divalent metal ions in the active site of enolase. The effect of substrate on the relaxation rates of solvent protons has been interpreted as evidence for a ternary enzyme-metal-substrate complex, although the possibility of a substrate-induced conformational change affecting the environment of the paramagnetic Mn2+ ion in the protein could not be excluded (6) . Recently the effect of the enolase-Mn2+ complex on the relaxation rates of the protons and phosphorous atom of a phosphoenolpyruvate analogue has been measured (7) . It was concluded that phosphoenolpyruvate binds in the second coordination sphere of the enzyme-complexed Mn2+ ion. The proposed role of the metal ion in the hydration reaction is to increase the nucleophilicity of the slowly exchanging, inner-sphere water molecule, facilitating hydroxyl attack on carbon-3 of the substrate.
A total of four divalent metal ions have been shown to bind specifically to the yeast enolase dimer by equilibrium dialysis (8) . Two metal ions bind anticooperatively to the apoprotein. In the presence of substrate two additional metal ions bind one to two orders of magnitude less tightly. It appears that the order of binding to each subunit is metal, substrate, metal, and that both the structural and the catalytic functions that have been described are associated with the first two metal ions bound per dimer. The first equivalent of Mg2+ bound stabilizes the dimer and causes the ultraviolet difference spectrum between inactive and active enzyme (2, 5) . Two were used to convert absorbance readings at 280 nm to the concentration of dimeric enzyme. Enolase containing less than 0.05 equivalents of divalent metal ions per dimer was prepared by passage through a column containing AG 501-X8 and AG50W-X8 ion-exchange resins (Bio * Rad).
Tris base was purchased from Sigma. Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) and Pipes [piperazine-N,N'-bis(2-ethanesulfonic acid)] were bought from Calbiochem. All measurements were made in pH 7.5 buffers with a buffering value (15) Fig. 2 shows the scatter introduced into the Scatchard plot by a 10% uncertainty in the enthalpy of binding. Fig. 3 shows the result of titrating enolase with Mg2+ and then mixing it with an excess of 3-phosphoglyceric acid in the calorimeter. Twenty-three independent experiments are summarized in the figure. Those (Fig. 1) , the existence of two sites means that the binding to both sites must be immeasurably tight (dissociation constant < 10 AM). The dissociation constants evaluated from equilibrium dialysis experiments are 9.6 and 470 MM (8) , but those measurements were made at high ionic strength (0.5 M). Spectrofluorometric titration at low ionic strength gave more than an order of magnitude tighter binding for the first magnesium ion (5) . Spectrophotometric titrations under the same experimental conditions as used in this calorimetric study confirm that binding of the first Mg2+ ion and of both Zn2+ ions to apoenolase is immeasurably tight (Faller, to be published).
The thermal titration curve in Fig. 1 Satisfactory fit to the experimental data can also be obtained by assuming two nonidentical, noninteracting sites. The standard deviation of the experimental points from the theoretical curve for binding to two independent sites differing 50-fold in their affinity for Mg2+ ions (K1 = 2 nM and K2 = 100 nM) is the same as the standard deviation from the curve for anticooperative binding shown in Fig. 1 The results of titrating enolase with Mg2+ and then mixing it with an excess of 3-phosphoglyceric acid in the calorimeter are shown in Fig. 3 . The solid line is the calculated curve for binding of the inhibitor to two identical, noninteracting sites with a dissociation constant of 2 mM and an enthalpy of binding of +6.8 kcal/mol per site at an enzyme concentration of 90 ,M and an inhibitor concentration of 17.4 mM. Mg2+ binding was assumed to be immeasurably tight. The standard deviation of the experimental points from the theoretical curve in Fig. 3 is 0.9 kcal/mol (3.8 kJ/mol). The consistency of the results shown in Figs. 2 and 3 increases confidence in the values of the 3-phosphoglyceric acid dissociation constant and the enthalpy of 3-phosphoglyceric acid binding deduced from the thermal titration of the magnesium enzyme with 3-phosphoglyceric acid. More importantly, the results portrayed in Fig. 3 corroborate the conclusion of Spring and Wold (9) that metal ions are required for substrate binding. One millimolar EDTA was added to insure that the enzyme was metal-free in the experiments plotted as zero equivalents of Mg2+. Since heat continues to be absorbed until two equivalents of Mg2+ are bound, the thermal data in Fig. 3 support the conclusion that there are two substrate-binding sites per dimer (9) . Finally, since heat is absorbed when fewer than two equivalents of Mg2+ are present, the experiments sumProc. Nat. Acad. Sci. USA 71 (1974) phoric competitive inhibitors have been interpreted to mean marized in Fig. 3 provide evidence that substrate interacts with the first two metal ions bound by enolase. This conclusion is supported by the nuclear magnetic resonance experiments of Mildvan and coworkers (7) . Since only a fraction of an equivalent of metal was present in their studies of the effect of the enolase-Mn2+ complex on the proton and phosphorous relaxation rates of a phosphoenolpyruvate analogue, substrate must bind at the first and second metal-binding sites.
The magnitude of the enthalpy increase when 3-phosphoglyceric acid binds to metalloenolase is different in buffers with different heats of ionization ( Table 2) . The same enolase, Mg2+, and 3-phosphoglyceric acid concentrations were used in the experiments summarized in Table 2 to insure that the fraction of sites occupied in each buffer was the same. Qualitatively similar results were obtained at a 20-fold higher 3-phosphoglyceric acid concentration. The qualitative conclusion that protons are taken up when 3-phosphoglyceric acid binds to the enolase-Mg2+ complex seems inescapable. Quantitative interpretation of the data is complicated by the fact that there are two sources of protons, the buffer and 3-phosphoglyceric acid. Neither the pKa of the phosphoryl group of 3-phosphoglyceric acid nor its enthalpy of ionization, has been published. It may be that it is the phosphoryl group of 3-phosphoglyceric acid that is protonated because of a shift to higher pKa when the inhibitor binds to the protein.
